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overload injury induces early PL losses, perhaps facilitated byPlasma membrane phospholipid integrity and orientation dur-
ongoing mitochondrial FFA metabolism, and (d) membraneing hypoxic and toxic proximal tubular attack.
“flip flop” does not appear to be an immediate mediator ofBackground. Acute cell injury can activate intracellular
acute necrotic tubular cell death.phospholipase A2 (PLA2) and can inhibit plasma membrane
aminophospholipid translocase(s). The latter maintains inner/
outer plasma membrane phospholipid (PL) asymmetry. The
mechanistic importance of PLA2-mediated PL breakdown and It is generally accepted that a loss of plasma membrane
possible PL redistribution (“flip flop”) to lethal tubule injury integrity is the final arbiter of necrotic tubular cell death.has not been well defined. This study was performed to help
However, the underlying biochemical and functional de-clarify these issues.
terminant(s) of this membrane injury, as reflected byMethods. Proximal tubule segments (PTS) from normal
CD-1 mice were subjected to either 30 minutes of hypoxia, vital dye uptake or cytoplasmic macromolecule efflux
Ca21 ionophore (50 mm A23187), or oxidant attack (50 mm Fe). [for example, lactate dehydrogenase (LDH)], remains a
Lethal cell injury [the percentage of lactate dehydrogenase subject of debate. The most widely advocated explana-
(LDH) release], plasma membrane PL expression [two-dimen- tion for membrane disruption is that diverse forms ofsional thin layer chromatography (TLC)], and free fatty acid
cell injury activate intracellular phospholipases, and some,(FFA) levels were then assessed. “Flip flop” was gauged by
for example, cytoplasmic phospholipase A2 (PLA2),preferential decrements in phosphatidylserine (PS) versus
phosphatidylcholine (PC; PS/PC ratios) in response to extracel- translocate to the plasma membrane, where they initiate
lular (Naja) PLA2 exposure. phospholipid (PL) attack [1–4]. This should result in
Results. Hypoxia induced approximately 60% LDH release, partial PL depletion and reciprocal cytotoxic free fatty
but no PL losses were observed. FFA increments suggested,
acid (FFA)/lysophospholipid increments. Together, theseat most 3% or less PL hydrolysis. Naja PLA2 reduced PLs in
changes are postulated to initiate membrane disruptionhypoxic tubules, but paradoxically, mild cytoprotection re-
sulted. In contrast to hypoxia, Ca21 ionophore and Fe each and, hence, necrotic cell death.
induced significant PL losses (6 to 15%) despite minimal FFA Although there is irrefutable evidence that diverse
accumulation or cell death (26 to 27% LDH release). Arachi- forms of acute tubular injury do, in fact, cause FFA
donic acid markedly inhibited PLA2 activity, potentially ex- accumulation [5–7], there is controversy as to whetherplaining an inverse correlation (r 5 20.91) between tubule
these changes primarily reflect diminished FFA metabo-FFA accumulation and PL decrements. No evidence for plasma
lism (for example, because of a block in mitochondrialmembrane “flip flop” was observed. In vivo ischemia reperfu-
sion and oxidant injury (myohemoglobinuria) induced 0 and oxidation) or PL breakdown [7]. This controversy stems,
24% cortical PL depletion, respectively, validating these in in part, from the fact that although in vivo ischemic renal
vitro data. injury produces impressive FFA accumulation, minimal
Conclusions. (a) Plasma membrane PLs are well preserved plasma membrane PL losses result unless very long ische-during acute hypoxic/ischemic injury, possibly because FFA
mic periods (1 to 12 hr) 6 several hours of reperfusionaccumulation (caused by mitochondrial inhibition) creates a
are employed [5–7]. Because reversible postischemicnegative feedback loop, inhibiting intracellular PLA2. (b) Ex-
ogenous PLA2 induces PL losses during hypoxia, but decreased acute renal failure (ARF) generally results from approxi-
cell injury can result. Together these findings suggest that PL mately 25 to 45 minutes of ischemia [8–10], it remains
loss may not be essential to hypoxic cell death. (c) Oxidant/Ca21 possible that these previously observed PL losses could
have reflected postnecrotic, or “reperfusion injury,”
Key words: cell injury, toxicity, hypoxia, acute necrotic tubular cell events. The pathophysiological significance of these prior
death, oxidant/Ca21 overload. observations is further confounded by the fact that the
whole renal cortex contains multiple cell types. Hence,Received for publication October 27, 1998
ischemia-induced alterations in PL/FFA expression mightand in revised form January 14, 1999
Accepted for publication February 4, 1999 not necessarily reflect proximal tubular epithelial events.
Because the proximal tubule is generally held to be the 1999 by the International Society of Nephrology
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prime target of ischemic renal injury, Nguyen, Cieslinski, METHODS
and Humes sought to obviate cortical sampling problems Isolated proximal tubule segment preparations
by studying PL profiles in isolated rabbit proximal tubule
Cortical PTS were isolated from normal male CD-1segments (PTS) subjected to 22.5 minutes of hypoxic
mice (25 to 50 g; Charles River Laboratories, Wilming-injury [11]. These authors noted small declines in phos-
ton, MA, USA) using a previously described techniquephatidylserine (PS) and sphingomyelin (SM), with recip-
[17, 18]. In brief, the mice, housed under routine vivar-rocal phosphatidylinositol (PI) and cardiolipin (CL) in-
ium conditions, were anesthetized with pentobarbitalcrements. However, these changes were expressed as
(approximately 2 mg intraperitoneally), and then thepercentage changes within total recovered PLs, making
kidneys were immediately removed through a midlineit uncertain whether absolute PL losses or gains had oc-
abdominal incision. Kidneys from two mice were usedcurred. Furthermore, the contribution of these changes
for each PTS preparation to provide sufficient tissuesto necrotic cell injury could not be stated because they
for complete biochemical analysis. Following resection,were not correlated with membrane disruption (for ex-
the kidneys were cooled on an ice plate. The corticesample, as assessed by LDH release or vital dye uptake).
were dissected. They were minced with a razor bladeIn a second elegant study of this issue, Portilla and Creer
and were then subjected to 30 minutes of collagenaseanalyzed changes in phosphatidylcholine (PC) and phos-
digestion in the presence of 2 mm deferoxamine (to pre-phatidylethanolamine (PE) during brief hypoxic injury
vent artifactual iron-mediated lipid peroxidation during(10 min) in isolated rabbit tubules [12]. Although modest
tissue processing). The digested material was passedreductions in arachidonic acid-containing plasmalogen
through a stainless steel sieve and pelleted by centrifuga-species were noted within the PC and PE families, no
tion (48C). The pelleted tubules were resuspended, andabsolute decrements in either total PC or PE were noted.
then viable PTS were recovered by centrifugation throughFurthermore, potential hypoxic effects on other plasma
32% Percoll (Pharmacia, Piscataway, NJ, USA). Aftermembrane PL families (PS, PI, and SM) were not as-
multiple washings, the pelleted tubules were washed andsessed. Given each of these issues, we believe that the
resuspended (approximately 2 to 4 mg PTS protein/ml)fate of PLs during the evolution of lethal ischemic/hyp-
in experimentation buffer (in mmol/liter: NaCl, 100; KCl,oxic tubule injury still remains in doubt.
2.1; NaHCO3, 25; KH2PO4, 2.4; MgSO4, 1.2; MgCl2, 1.2;In addition to PL loss, another membrane alteration
CaCl2, 1.2; glucose, 5; alanine, 1; Na lactate, 4; Na buty-that could potentially contribute to lethal cell injury is
rate, 10; 36 kD dextran, 0.6%) and gassed with 95% O2/the loss of normal transverse plasma membrane asymme-
5% CO2; final pH 7.4). They were rewarmed to 378C intry (a phenomenon known as membrane “flip flop”) [13–
a heated shaking water bath over 15 minutes, and then16]. Normally, each plasma membrane PL is asymmetri-
each PTS preparation was divided, usually into fourcally distributed across the plasma membrane bilayer:
equal aliquots (2.5 ml of PTS suspension placed into 25PC and SM are largely confined to the outer leaflet,
ml Erlenmeyer flasks). They were then ready for use inwhereas PI, PS, and PE are principally inner leaflet con-
individual experiments, as described below. At the endstituents [13]. This asymmetry is maintained, in part,
of each experiment, a 150 ml aliquot of each PTS suspen-by ATP-dependent PL translocases (or “flipases”), and
sion was used to ascertain the extent of lethal cell injury,when inhibited, the loss of transverse asymmetry (partic-
as determined by the percentage tubule LDH releaseularly for PS and PE) can occur. It is noteworthy that
[6]. An additional 800 ml sample underwent PL analysisseveral consequences of hypoxic tubular injury (ATP
(two D gel thin layer chromatography; discussed laterdepletion, cytosolic calcium overload, oxidant stress)
in this article).each inhibit translocase function [13]. This raises the
intriguing possibility that membrane “flip flop,” in addi-
Assessment of membrane transverse asymmetrytion to PL degradation, could conceivably contribute to
In the following experiments, membrane PL distribu-plasma membrane dysfunction during hypoxic/ischemic
tion across the plasma membrane bilayer was assessedtubular cell death. To our knowledge, this issue has not
by a previously characterized technique, that is, the losspreviously been addressed.
of individual PLs during exposure to exogenous PLA2Given these considerations, this study was conducted
[15, 19–22]. The rationale for this approach is as follows:with the following goals in mind: (a) to determine PL
When Naja PLA2 is added to cells, it does not readilyprofiles during severe hypoxic injury to isolated proximal
cross the plasma membrane bilayer [23], and hence, ittubules to characterize better whether PL losses occur,
principally attacks outer plasma membrane leaflet con-(b) to ascertain whether a concomitant of acute hypoxic
stituents (that is, PC, but not SM, which is a target fortubule injury is plasma membrane “flip flop,” and (c)
sphingomyelinases). However, in the presence of plasmaas reference points for these experiments, to ascertain
membrane “flip flop,” the inner leaflet PLs (particularlywhether altered PL expression is a correlate of selected
forms of nonhypoxic tubular cell death. PS) [13] migrate to and reside in the outer leaflet. Be-
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cause PS is enriched in unsaturated fatty acid (relative to intracellular iron access) [27]; (c) incubation with PLA2;
and (d) incubation with FeHQ 1 PLA2. Either 10 units/PC), it is now highly vulnerable to Naja PLA2-mediated
attack. Thus, a fall in the PS/PC ratio under conditions ml pancreatic PLA2 or 0.05 units/ml Naja PLA2 were
used, and only one was used in any given experimentof Naja PLA2 exposure is indicative of membrane “flip
flop.” (In contrast to Naja PLA2, pancreatic PLA2 pene- (N 5 3 PTS preparations with each). After completing
30-minute incubations, the percentage of LDH releasetrates the plasma membrane [23], allowing it to attack
PLs in both bilayers. Hence, responses to pancreatic and PL profiles was determined.
To ascertain whether the FeHQ challenge directly in-PLA2 provide an overall assessment of membrane sus-
ceptibility to PLA2-mediated PL degradation.) terferes with the employed technique for measuring PLs
(for example, via oxidative PL modification), 100 ml of
Effects of hypoxia on tubule phospholipid content/ the standard PL mix (2 mg/ml each of SM 1 PC 1 PI 1
membrane “flip flop” PS 1 PE 1 lyso PC (LPC) 1 LPE; in 2:1 chloro-
form:methanol; individual lipids obtained from SigmaProximal tubular segment preparations were divided
into four aliquots and were treated under the following Chemicals) were added to 900 ml of PTS buffer 6 10 mm
FeHQ. After a 30-minute incubation, the samples wereconditions for a total of 30 minutes: (a) control incuba-
tion conditions (95% O2/5% CO2), (b) hypoxic condi- extracted as per tubule PL analysis (discussed later in
this article), and individual PLs were quantitated (N 5 3tions (95% N2/5% CO2), (c) exogenous PLA2 (discussed
later in this article) under oxygenated conditions, or (d) paired comparisons: 6 FeHQ treatment).
exogenous PLA2 under hypoxic conditions. Either snake
Phospholipid profiles during Ca21 ionophore 6venom (Naja) PLA2 (P-7778; Sigma Chemical Co., St.
PLA2-mediated attackLouis, MO, USA) or porcine pancreatic PLA2 (P-6534;
Sigma) was used. All experiments with pancreatic PLA2 Five sets of PTS were prepared, and each was divided
into four aliquots and incubated for 30 minutes as fol-employed a 10 unit/ml PTS buffer concentration. With
Naja PLA2, either 0.025 (“low dose”) or 0.05 units/ml lows: (a) control conditions, (b) calcium ionophore
A23187 (50 mm; “CaI”), (c) 0.05 units/ml Naja PLA2,(“high dose”) were employed. The rationale for using
two different doses of Naja PLA2 was that “low” doses and (d) CaI 1 Naja PLA2. After completing 30-minute
incubations, the percentage LDH release and PL profilesof PLA2 can mitigate hypoxic injury [24–26], whereas
relatively “high” doses of PLA2 can potentiate hypoxic was assessed.
cell death [11, 24]. At the completion of these 30-minute
Free fatty acid generation during hypoxic, oxidant,incubations, the percentage LDH release was deter-
and Ca21-overload injuriesmined, and PL analysis was performed (discussed later
in this article). A total of 11 sets of PTS was used for Four sets of PTS were each divided into four aliquots
as follows: (a) control incubation conditions, (b) hypoxia,these experiments (N 5 4, 4, 3 for pancreatic PLA2, 0.05
units/ml, 0.025 units/ml Naja PLA2, respectively). (c) 50 mm Ca21 ionophore addition, and (d) 50 mm FeHQ
addition. After completing 30-minute incubations, the
Comparison of phospholipid profiles under conditions percentage of LDH release was determined, and then
of “chemical hypoxia” the tubules were subjected to lipid extraction (discussed
later in this article). The samples were dried under N2The following experiment was undertaken to ascertain
whether the site of mitochondrial respiratory chain inhi- to 100 ml. Ten microliters were saved for PL phosphate
analysis, and then the remaining 90 ml were taken tobition impacts PL profiles. Two PTS preparations were
each divided into four aliquots as follows: (a) control dryness. The samples were resuspended in 50 ml of etha-
nol, and following sonication/centrifugation, the super-incubation 3 30 minutes, (b) a 30-minute incubation
with 7.5 mm rotenone (a site 1 inhibitor), (c) a 30-minute natants were assayed for FFAs using a commercially
available kit (NEFA C; Wako, Neuss, Germany). Thisincubation with 7.5 mm antimycin A (a site 2 inhibitor),
and (d) 30 minutes of hypoxia. Antimycin and rotenone method uses the acyl coenzyme A (CoA) synthase/acyl-
CoA oxidase system, which produces hydrogen peroxidewere each added in ethanol (0.1% final concentration).
After completing the incubations, the percentage of through enzymatic FFA oxidation. (Note that it was first
determined that the FeHQ does not directly interfereLDH release and PL profiles was compared.
with this reaction.)
Impact of Fe-mediated oxidative injury 6 PLA2 on
proximal tubular cell phospholipid profiles Arachidonic acid as a PLA2 inhibitor
The following experiment was undertaken to ascertainSix sets of PTS were prepared and incubated as fol-
lows: (a) control incubation; (b) incubation with 10 mm whether FFA generation during acute cell injury might
lead to feedback PLA2 inhibition, potentially limitingferrous ammonium sulfate, complexed with 10 mm
8-hydroxyquinoline (HQ: a siderophore, permitting ready ongoing PL degradation. To test this hypothesis, 1 mg/
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ml of PC (soy bean lecithin; P5638; in ethanol; Sigma) daily variations in total tubule yields). Representative
was added to 9 ml of the standard experimentation PL patterns are presented in Figure 1.
buffer, which contained either no PLA2 or 0.005 units/
In vivo renal injury experimentsml of Naja PLA2. Additionally, either 0, 50, or 100 mm
arachidonic acid (A9673; Sigma) were added (20 mm The following experiments were performed to obtain
stock solution, in 10% ethanol). Reactions were con- possible in vivo correlates to the results stemming from
ducted 3 30 minutes in a 378C shaking water bath. At these isolated tubule experiments.
their completion (N 5 4 each), samples were extracted Ischemic-reperfusion injury. Four mice were anesthe-
for PLs and were subjected to thin layer chromatography tized. A midline laparotomy was performed, and then
(TLC) analysis to assess the PC loss/LPC gain. the left renal pedicle was occluded for 45 minutes with
a vascular clamp. Body temperature was maintained atTubule phospholipid analysis
36 to 378C [6]. Following a one-hour reperfusion period,
An 800 ml sample of each PTS suspension was added both the post-ischemic kidney and the uninjured right
to a tube containing 3 ml of chloroform/methanol (1:2 (control) kidney were removed. The cortices were dis-
vol/vol). The tubes were sonicated 3 15 minutes. One
sected. They underwent PL extraction [7], and then two-
milliliter of chloroform/1 ml 1 m NaCl was added and
dimensional gel TLC analysis was performed, as dis-then centrifuged (2000 r.p.m. 3 10 min). The chloroform
cussed earlier in this article.phase was removed and dried in a separate glass tube
Iron-mediated oxidant stress. Ten mice were anesthe-under N2. A second volume of chloroform was added
tized and subjected to 10 ml/kg glycerol (50%) injectionto the original sample, and following re-extraction, the
(intramuscularly, in hind limbs; in two equally dividedchloroform phase was added to the first chloroform ex-
amounts). Either three or six hours later (N 5 5 each),tract. A series of volume reductions was performed un-
the kidneys were removed and processed for phospholip-der N2 (to 100 ml). A 10 ml sample was removed, dried,
ids as noted earlier. Kidneys from five normal mice wereand used to determine total extract PL phosphate con-
processed simultaneously, providing reference values.tent [28]. A 20 ml sample was used to determine individ-
ual PL content by two-dimensional TLC, according to
Calculations and statisticsthe method of Esko and Raetz [29]. In brief, samples
All values are presented as means 6 1 sem. Statisticalwere applied to the bottom right hand corner of 6.6 cm 3
comparisons were performed by either paired or un-10 cm silica gel plates. The first dimension (bottom to
top) employed chloroform:methanol:acetic acid (65:25:10 paired Student’s t-test, as appropriate. If more than one
vol:vol:vol) and was run for 32 minutes. After drying the comparison was made, the Bonferroni correction was
plates, the second dimension was run (right to left) using applied. Significance was judged by a P value of less than
chloroform:methanol:88% formic acid (65:25:10 vol:vol: 0.05. Altered plasma membrane PL asymmetry in the
vol) for 13 minutes. The plates were then dried and PTS experiments was assessed by a preferential fall in
stained with iodine. The spots corresponding to PC, PI, the PS/PC ratio under conditions of Naja PLA2 attack
PS, PE, SM, and in some instances CL, LPC, and lyso (as discussed earlier in this article). PS, rather than PE,
PE (LPE) were scraped into glass tubes. They were was used as the numerator because PS is the more ac-
washed and then quantitated by total inorganic phos- tively/rapidly transported of the inner membrane anionic
phate content [29]. The identification of each spot on PLs (it diffuses from the inner leaflet to the outer leaflet,
the TLC plate was determined by using a standard PL/ and then the translocase actively shuttles it back to its
lysophospholipid mix (as described earlier here). Prelim- inner leaflet location). Thus, a preferential fall in the PS/
inary data indicated that 90% or more of the total applied
PC ratio under conditions of Naja exposure is taken as
PL in the samples could be recovered (the sum of SM 1
evidence of increased PS on the outer leaflet. In selectedPC 1 PE 1 PS 1 PI 1 CL 1 LPC 1 LPE). PC, PE,
PTS experiments, the ratios of (PC 1 PE 1 PS 1 PI)/SM, PS, and PI were quantitated in every experiment.
SM were calculated. The rationale for this was as follows:In some instances, CL, LPC, and LPE were also deter-
Each of the numerator PLs are PLA2 substrates, whereasmined. Individual PL phosphate values were expressed
SM is not (it is hydrolyzed by sphingomyelinases). Be-in one of two ways: first, as the total amount of phosphate
cause SM levels remained constant during the in vitrorecovered in each PL spot, adjusted to a standard amount
hypoxic, Ca21 ionophore, and Fe-mediated injuries (dis-of starting total PL phosphate in the sample extract (400
cussed in the Results section), it, in a sense, can servenmol, the daily mean; this correction was done to elimi-
as an “internal standard” and thereby permit furthernate the effect of day to day variations in tubule recovery
analysis of PLA2-mediated PL loss. PL levels in renalfrom mouse kidneys), and second, as individual PL phos-
cortical homogenates were expressed as nmol phos-phate values per milligram of PTS protein, which entered
the lipid extraction process (another way to correct for phate/mg dry tissue weight.
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Table 1B. Phospholipid profiles in control and hypoxic (Hyp.)Table 1A. Phospholipid profiles in control and hypoxic tubules with
and without 0.025 or 0.050 units/ml or Naja phospholipid A2 (PLA2) tubules with and without 0.025 or 0.05 units/ml Naja PLA2
(values given as nmoles phosphate/mg PTS protein)(values expressed as nmoles phospholipid phosphate)
% LDH SM PC PI PS PE Total
SM PC PI PS PE release
Cont. 2763 9765 1862 1862 6766 226615
Hyp. 2762 9167 1961 1962 6966 224617Cont. 4662 170613 3163 3361 11764 1762%
Hyp. 4762 16668 3461 3562 12664 5863% Naja, 0.025 27 63 5962 1562 1962 4862 169611
Hyp./Naja 2661 4762 1561 1662 4162 14465Naja, 0.025 51 63 11269 2862 3661 9165 2764%
Hyp./Naja 4861 8966 2662 3062 7764 4761% Cont. 2864 10066 1862 1763 6969 232620
Hyp. 2763 9469 1862 1962 7168 229620Cont. 4762 176612 2964 3261 12063 1962%
Hyp. 5164 186618 3361 3362 139612 5561% Naja, 0.05 27 64 5863 1463 1963 4763 164612
Hyp./Naja 2662 4762 1462 1662 4162 14565Naja, 0.05 56 65 107615 2761 3361 92611 3662%
Hyp./Naja 5465 7869 2763 2763 7368 6062% Individual and total phospholipid (total) values from Table 1A experiments,
presented as nmoles phospholipid phosphate/mg protein in the original PTSAbbreviations are: Cont., 30 min control oxygenated incubation; Hyp., 30 min
sample. These results basically mirror those presented in Table 1A, and simplyof hypoxic incubation; Naja, Naja PLA2 (either 0.025 or 0.050 units/ml); SM,
present the results factored by tubule protein content. Total represents the sumsphingomyelin; PC, phosphatidylcholine; PI, phosphatidylinositol; PS, phosphati-
of the five presented phospholipids.dylserine; PE, phosphatidylethanolamine (nmoles phosphate recovered from a
standard amount of phospholipid phosphate in tissue extract). Statistical compar-
isons are presented in the Results section and in Figure 2.
exerted modest cytotoxicity on oxygenated tubules (rais-
ing LDH release from 17 6 2% to 27 6 4%, P , 0.02),RESULTS
when added to hypoxic tubules, it significantly attenu-Effects of hypoxia on plasma membrane
ated hypoxic cell death (reducing LDH release fromphospholipid content
58 6 3% to 47 6 1%, P , 0.02). This was despite the
The amounts of individual PLs in the hypoxia 6 Naja fact that low-dose PLA2 significantly reduced total PLsPLA2 experiments are presented in Table 1A (absolute in both control, and to a significantly greater degree, in
amounts, normalized for total phosphate) and in Table hypoxic tubules (by 22 and 33%, respectively; Fig. 2A).
1B (nmol PL phosphate/mg tubule protein). Hypoxia Corollary increases in LPC and LPE were observed with
did not cause a significant loss or gain of any single PLA2 addition (Fig. 1C). Pilot data confirmed that theseplasma membrane PL species. This point was under-
LPC/LPE increments quantitatively mirrored the ob-scored by the finding of essentially identical total plasma
served PC and PE decrements, respectively, and hence,membrane PL content (SM 1 PC 1 PI 1 PS 1 PE) in
LPC and LPE were not routinely quantitated.the control and hypoxic groups (Fig. 2A). This preserva-
As shown in Figure 2B, hypoxia did not alter the PS/tion of PL phosphate was seen despite the fact that hyp-
PC ratio. Low-dose Naja PLA2 addition to oxygenatedoxia caused massive LDH release (55 to 60% vs. 17 to
PTS significantly raised the PS/PC ratio (reflecting its19% for controls, P , 0.001; Table 1A). Underscoring
preferential ability to attack outer leaflet PL constit-the lack of plasma membrane PL changes was the fact
uents). However, when added to hypoxic tubules, nothat the percentage distribution of individual PLs within
decrement in the PS/PC ratio resulted, consistent withthe total plasma membrane PL mass was essentially iden-
an absence of membrane “flip flop.”tical for the control and hypoxic PTS (Table 2). Hypoxia
“High-dose” Naja PLA2 additions. The 0.05 unit/mlresulted in no discernible lysophospholipid generation
Naja challenge was overtly cytotoxic to oxygenated tu-on the TLC gel plates. Preliminary data indicated no
bules, raising LDH release from 19 6 2% to 36 6 2% (P ,differences in CL between control and hypoxic PTS.
0.001; Table 1A). Despite this, it failed to statisticallyHence, further quantitation of this mitochondrial PL was
increase LDH release in hypoxic PTS (55 6 1% vs. 60 6not undertaken.
2%; Table 1A). As expected, this PLA2 dose caused
Effects of hypoxia on plasma membrane orientation: statistically significant decrements in tubule PL content
PLA2 experiments in both control and, to a greater degree, hypoxic tubules
(Fig. 3A). Naja, once again, preferentially lowered PC,“Low dose” (cytoprotective) Naja PLA2 additions.
Despite the fact that low dose (0.025 units/ml) Naja PLA2 thereby raising the PS/PC ratio (Fig. 3B). However, when
b
Fig. 1. Representative two-dimensional thin layer chromatography patterns, obtained during the course of these experiments. (A) Phospholipid
standards, demonstrating separation of PC, PE, PS, PI, SM, CL, LPC, and LPE (abbreviations are in the Appendix). (B) Sample from control
PTS, obtained after 30 minutes of oxygenated incubation. (C) Sample obtained after 30 minutes of 0.05 units/ml Naja PLA2 treatment. (D) Sample
obtained after combined Ca21 ionophore 1 Naja PLA2 treatment. Note that (C) and (D) demonstrate substantial amounts of LPC and LPE
compared with control tubules. The circles drawn around each of the samples represent the areas that were scraped and analyzed for phospholipid
phosphate.
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Fig. 2. Results obtained from hypoxia 6 low-
dose (0.025 units/ml) Naja PLA2 experiments.
(A) Hypoxia induced no loss of total plasma
membrane phospholipid content (PC 1 PE 1
PS 1 PI 1 SM) compared with control (C)
tubules (values given as nmol phosphate).
Low-dose Naja PLA2 caused significant phos-
pholipid loss in both control and hypoxic tu-
bules (significantly greater in the latter). De-
spite this, PLA2 significantly attenuated the
extent of hypoxic cell death (discussed in text).
(B) Hypoxia did not alter the PS/PC ratio
compared with control tubules. Naja PLA2
significantly increased the PS/PC ratio (be-
cause of outer membrane PC attack). Slightly
higher, rather than lower, PS/PC ratios were
observed in the hypoxic tubules when chal-
lenged with PLA2, implying an absence of
plasma membrane “flip flop.”
Table 2. Percent of individual phospholipids in hypoxic, iron mediated (FeHQ), and calcium ionophore (CaI) injured tubules
SM PC PI PS PE
Control 11.560.4% 43.2 60.9% 7.2 60.5% 7.7 60.3% 30.560.7%
Hypoxia 11.460.2% 42.4 60.7% 7.5 60.4% 7.6 60.4% 30.960.6%
P NS NS NS NS NS
Control 12.260.2% 42.9 60.4% 7.5 60.2% 7.3 60.2% 30.360.2%
FeHQ 13.860.4% 45.2 60.7% 7.3 60.2% 7.0 60.4% 26.860.7%
P ,0.03 ,0.02 NS NS ,0.002
Control 11.060.2% 43.6 60.7% 7.7 60.4% 7.7 60.3% 23.960.8%
CaI 11.860.2% 44.0 60.5% 7.6 60.5% 7.3 60.4% 29.460.4%
P ,0.07 NS NS NS NS
The values presented equal the % of each plasma membrane phospholipid within the total plasma membrane phospholipid mass (sum of SM 1 PC 1 PI 1
PS 1 PE).
added to hypoxic PTS, no decrement in the PS/PC ratio to hypoxic tubules, no statistically significant increase in
LDH release resulted.resulted (Fig. 3B), which again is consistent with an ab-
sence of “flip flop.” Thus, in summary, both low- and high-
Phospholipid analysis following “chemical hypoxia”dose Naja PLA2 had comparable effects on PL profiles.
versus hypoxiaPancreatic PLA2 experiments. Results obtained with
the pancreatic PLA2 experiments are presented in Table Thirty-minute exposures to antimycin A, rotenone,
3A and B and Figure 4. The salient features were as and hypoxia each induced 56 to 60% LDH release (vs.
follows: (a) Hypoxia, once again, caused no significant 10 to 12% for controls). Neither antimycin nor rotenone
alteration in absolute amounts of individual or total caused any obvious decrease in plasma membrane PL
plasma membrane PL constituents despite inducing 59 6 expression (data not presented), with the results simply
5% LDH release. (b) Pancreatic PLA2 caused significant mirroring those obtained with hypoxia (Table 1).
decrements in total PLs, particularly in hypoxic tubules.
Effects of oxidant stress on plasma membrane(c) PLA2’s greatest effect was on inner plasma membrane
phospholipid orientation/contentleaflet constituents (PS, PE), resulting in significant de-
clines in PS/PC ratios in control tubules (Fig. 4B). (d) Unlike hypoxic injury, iron-mediated oxidant injury did
When pancreatic PLA2 was added to hypoxic tubules, a cause a significant decrease in total plasma membrane
PLs (12%; Fig. 5A; P , 0.001, 15% in total PL phosphate/further dramatic decrease in the PS/PC ratio resulted
(consistent with increased inner leaflet PL susceptibility mg protein; Table 4B; P , 0.002). This was despite the fact
that the iron challenge, unlike hypoxia, induced relativelyto PLA2 attack). Although the dose of pancreatic PLA2
used was overtly cytotoxic (raising oxygenated tubule modest cell injury (27% LDH release vs. 55 to 60% with
hypoxia). As shown in Tables 4 A and B, the Fe-mediatedLDH release from 16 to 35%; Table 3A), when added
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Fig. 3. Results obtained from hypoxia 6
high-dose (0.05 units/ml) Naja PLA2 experi-
ments. The results obtained in these experi-
ments mirrored those produced with low-dose
Naja PLA2. (For details, see Figure 2 legend
and text.)
Table 3B. Phospholipid profiles in control (Cont.) and hypoxicTable 3A. Phospholipid profiles in control (Cont.) and hypoxic
(Hyp.) proximal tubule segment (PTS) with and without 10 units/ (Hyp) tubules with and without 10 units/ml pancreatic PLA2
(values given as nmol phosphate/mg PTS protein)ml porcine pancreatic PLA2 (values given
as nmol phospholipid phosphate)
SM PC PI PS PE Total
% LDH
Cont. 2862 11066 1861 1761 8166 255616SM PC PI PS PE release
Hyp. 2661 10766 1861 1762 7666 244614
Panc. PLA2 2963 68614 1963 662 42610 163629Cont. 4465 173611 2762 2862 126610 1661%
Hyp. 4464 169616 2862 2864 11667 5965% Hyp/PLA2 2761 4167 1864 664 2165 112614
Panc. PLA2 4665 13469 2864 1662 88615 3565% Individual and total phospholipid (total: SM 1 PS 1 PE 1 PC 1 PI) values
Hyp./PLA2 4263 74613 2363 662 4266 6763% from Table 3A experiments, the results being presented as nmoles phospholipid
phosphate/mg protein in the original PTS sample. These results basically mirrorPhospholipid profiles in 30 min oxygenated (control) and 30 min hypoxic
those presented in Table 3A.(Hyp.) tubules with and without 10 units/ml pancreatic (Panc.) PLA2. See Table
1A legend for details. Statistical comparisons are presented in the Results section
and in Fig. 4.
to its effects on control tubules). Fe exposure signifi-
cantly increased tubule vulnerability to PLA2-mediateddecrements involved each of the plasma membrane PLs,
deacylation (Fig. 5A) and LDH release (Table 4A).except SM. The greatest percentage of decrement was
in inner leaflet constituents (PS, PE), giving rise to a Phospholipid expression/orientation during Ca21
significant fall in the PS/PC ratio (Fig. 5B) and a rise in ionophore attack
the percentage of SM and PC within the total PL mass
As shown in Table 5, Ca21 ionophore (CaI) addition(Table 2). Although the mitochondrion is both a media-
caused modest tubule LDH release (13 6 1% to 28 6tor and target of oxidative injury [30, 31], mitochondrial
4%, P , 0.02). A corollary of this was as a significantCL content remained unaffected (control, 19.9 6 0.9;
decrease (6%) in total tubule plasma membrane PL (P ,Fe, 19.4 6 0.3 nmol; P 5 NS).
0.02; Fig. 6A). This was due to small decrements in eachIn data not shown, when FeHQ was added to PL/
of the plasma membrane PLs, except SM. CaI treatmentlysophospholipid standards suspended in tubule incuba-
of the tubules caused an approximate 10% increase intion buffer, it induced absolutely no losses. This indicated
the extraction efficiency of lipids from a given amountthat these documented iron-mediated PL losses in tu-
of tubule, and hence, the results could not be factoredbules were not an artifact created by iron’s ability to
by tubule protein content. Thus, to confirm the findinginduce oxidative PL attack.
that the CaI-triggered significant reductions in PLA2-As shown in Figure 5B, the Naja PLA2 addition to
sensitive PL substrates, (PC 1 PI 1 PE 1 PS)/SM ratiosiron-exposed tubules resulted in an approximate 50%
were calculated. The ratios obtained for the CaI-treatedincrease in the PS/PC ratios (again consistent with its
and control PTS were 7.4 6 0.2 vs. 8.2 6 0.4, respectivelyeffects on normal tubules and absent membrane “flip
(P 5 0.025, consistent with PLA2-mediated PL hydrolysis).flop”). Conversely, pancreatic PLA2 decreased the PS/
PC ratio in iron-exposed tubules (which is also analogous CaI treatment did not change the PS/PC ratio (Fig.
Zager et al: Phospholipids during acute tubular injury112
Fig. 4. Results obtained from hypoxia 6 pan-
creatic (panc.) PLA2 experiments. (A) As with
the results presented in Figures 2 and 3, hyp-
oxia once again failed to cause any decrease
in total plasma membrane phospholipid phos-
phate (Fig. 2 legend). As expected, pancreatic
PLA2 caused significant phospholipid losses
in both control and, to a greater degree, in
hypoxic PTS. (B) Again, as with Figures 2
and 3, hypoxia did not alter the PS/PC ratio.
Pancreatic PLA2 caused a significant decrease
in the PS/PC ratio in control PTS (consistent
for its ability to penetrate the plasma mem-
brane and its greater activity against PS). This
response was accentuated in hypoxic tubules,
consistent with increased susceptibility to
PLA2 attack.
Fig. 5. Results obtained from the iron (Fe) 1
PLA2 experiments (Naja, 0.05 units/ml; pan-
creatic, pancr., PLA2, 10 units/ml). (A) Iron
caused a 12 to 15% loss of total plasma mem-
brane phospholipid [P , 0.001 vs. coincubated
control (C) tubules]. The addition of either
Naja or pancreatic PLA2 significantly reduced
total plasma membrane phospholipids, partic-
ularly in the tubules exposed to concomitant
iron treatment (that is, the iron predisposed
to PLA2 attack). (B) The iron-mediated phos-
pholipid reductions were associated with a sig-
nificant decrease in the PS/PC ratio (P , 0.01),
consistent with preferential inner leaflet dam-
age. However, no evidence of membrane “flip
flop” was apparent because the iron-exposed
tubules developed a rising, rather than falling,
PS/PC ratio under conditions of Naja PLA2
attack. Pancreatic PLA2 dramatically reduced
PS/PC ratios in control and particularly in
iron-exposed PTS.
6B). As with all other experiments presented earlier in line values, P , 0.04), whereas iron did not induce a
statistically significant effect. The percentage LDH re-this article, Naja PLA2 elevated the PS/PC ratio in con-
trol tubules. When Naja PLA2 was added along with CaI, lease values corresponding to these FFA changes were
as follows: controls, 13 6 1%; hypoxia, 60 6 2%; CaI,a quantitatively dramatic increase in the PS/PC ratio
resulted (Fig. 6B). CaI also dramatically sensitized the 26 6 4%; and Fe, 25 6 4%. If one contrasted the pre-
viously documented losses of total PLs with the threetubules to Naja PLA2-mediated LDH release (raising it
from 28 6 4% to 78 6 1%; Table 5). These changes were challenges (hypoxia, Fe, CaI) versus the FFA incre-
ments, a striking inverse relationship existed (r 5 20.91).reflected by dramatic accumulation of lysophospholipids
(LPC, LPE), as documented by TLC (Fig. 1D) and by
Arachidonic acid as a PLA2 inhibitordirect quantitation (data not shown).
The Naja PLA2 addition to exogenous PC resulted in
Free fatty acid accumulation during hypoxic, Fe, and an approximate 60% PC degradation, with reciprocal
Ca ionophore-induced injury LPC increments (Fig. 8). Arachidonic acid induced sta-
tistically significant, dose-dependent inhibition of PLA2,As shown in Figure 7, hypoxia induced dramatic total
FFA increments. In contrast, Ca21 ionophore treatment as evidenced by PC preservation (P , 0.03) and corre-
sponding LPC reductions (P , 0.01).induced only modest FFA elevations (a doubling of base-
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Table 4A. Phospholipid profiles in control (Cont) and iron (FeHQ) reperfusion neither caused any decrement in total PL,
challenged tubules with and without PLA2 nor did it alter the relative distribution of plasma mem-(values given as nmoles phosphate)
brane PLA2 substrates (PC, PI, PS, and PE; Table 6). SM
% LDS did show a quantitatively small but significant decrement,SM PC PI PS PE release
falling from 12.2 to 10.9% of total plasma membrane PL
Cont 4462 15563 27 61 26 61 11063 13 61%
content.FeHQ 4562 14667 24 61 23 62 88 614 27 64%a
Naja PLA2 5062 15168 27 61 31 64 10163 26 66%
Fe 1 Naja 57 61 89 62 24 62 28 60 57 62 51 62%a DISCUSSION
Panc. PLA2 3961 13563 31 62 18 61 85 63 12 61% Although a number of previous studies have docu-Fe 1 Panc. 51 67 83 68 39 67 9 65 44618 22 63%a
mented significant plasma membrane PL losses followingAbbreviations are: Cont, 30 min control oxygenated incubation; FeHQ, 30 min
incubations with 10 mm iron, complexed with hydroxyquinoline; Naja, 0.05 units/ in vivo ischemic renal tubular injury [5, 7], the results
ml Naja PLA2. Statistical comparisons are presented in the Results and in Fig. 5. obtained have remained open to interpretation for aa LDH release statistics are P , 0.01 vs. its paired value
number of reasons. First, because it is impossible to pre-
cisely time the onset of lethal cell injury in vivo (that
is, the morphologic signs of necrosis are relatively late
Table 4B. Phospholipid profiles in control (Cont) and iron (FeHQ) events), the temporal/mechanistic relationships between
challenged tubules with and without PLA2 previously observed PL losses and the onset of plasma(values given as nmoles phosphate/mg PTS protein)
membrane disruption have been impossible to assess.
SM PC PI PS PE Total
Second, given the multiplicity of renal cortical cell types,
Cont 2561 8963 1561 1561 6362 20766 it is uncertain whether previously reported cortical tissue
FeHQ 2461 7964 1361 1361 4862 17669
changes accurately reflect proximal tubule events. Third,
Naja PLA2 2762 7265 1561 1662 5264 182613 although quantitatively impressive in vivo PL losses haveFe 1 Naja 2862 4362 1261 1461 2861 12467
been noted (for example, 30%) [5], these have followedPanc. PLA2 2161 7462 1762 1061 4662 16767
markedly prolonged ischemic challenges (for example,Fe 1 Panc. 2763 51611 2064 563 2769 130630
12 to 24 hr), suggesting possible autolysis, and fourth,Individual and total phospholipid (total) values from Table 4A experiments,
the results being presented as nmoles phospholipid phosphate/mg protein in the when PL assessments have been made following ische-
original PTS sample. These results basically mirror those presented in Table 4A.
mia 1 reperfusion, it is theoretically possible that PL
losses could have reflected secondary, nonischemic
events (for example, oxidant stress, red cell trapping/
Table 5. Phospholipid profiles in control (Cont) and calcium neutrophil aggregation, cell sloughing). These issues un-
ionophore (CaI) challenged tubules with and without Naja PLA2 derscore the potential value of studying PL changes in(values given as nmoles phosphate)
isolated proximal tubules subjected to hypoxic damage.
% LDH However, for reasons previously reviewed, the fate of
SM PC PI PS PE release
plasma membrane PLs following in vitro hypoxic injury
Cont. 4063 15963 28 63 28 62 10864 13 61% has also remained in doubt.CaI 4062 15164 26 63 25 62 10163 28 64%a
The results of this study indicate that plasma mem-Naja PLA2 4262 104611 21 62 25 63 74 67 27 66%
CaI/PLA2 5064 34 66 19 62 19 62 35 65 78 61%b brane PL mass is, in fact, remarkably well preserved
Individual phospholipids in control and Ca21 ionophore (CaI) exposed tubules, following severe hypoxic proximal tubule damage. De-
and the corresponding % LDH release. Statistical comparisons are given in the spite a relatively prolonged hypoxic challenge (30 min),text and Fig. 6. Noteworthy is the striking degree to which CaI predisposed
tubules to Naja-mediated LDH release. sufficient to cause an approximate 55 to 60% LDH re-
a P , 0.02 vs. control tubules lease, no quantitative change in any of the major classesb P , 0.02 vs. Naja PLA2
of plasma membrane PLs could be discerned. This was
true whether the results were expressed per total tubule
protein or per total plasma membrane PL mass. Because
In vivo experiments there is always the possibility that small PL losses could
have been obfuscated by inapparent differences in PLThe glycerol model of iron-mediated oxidant stress
recovery from tissues, we also analyzed the results byinduced an approximate 24% renal cortical plasma mem-
dividing the sum of PS 1 PE 1 PC 1 PI (each PLA2brane PL loss, a result observed after both three and six
substrates) by SM (which is not subject to PLA2 hydroly-hours of glycerol injection (Table 6). This loss preferen-
sis [32] in a sense, serving as an “internal standard”).tially involved PC because (a) it alone showed a relative
However, when the results were analyzed in this fashion,(%) decrease in contribution to the total PL and (b) at
once again, no discernible PL depletion was observed.both three- and six-hours postglycerol, both the PS/PC
Finally, the PS/PC ratio was also unperturbed, despiteand PE/PC ratios were increased, relative to control kid-
neys. In sharp contrast to the glycerol results, ischemia marked hypoxic cell death. Because hypoxia is believed
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Fig. 6. Results obtained with Ca ionophore
(CaI) 1 Naja PLA2. (A) CaI caused a signifi-
cant (6%) reduction in total phospholipids,
compared with control (C) tubules. The CaI-
treated tubules were also highly vulnerable to
Naja PLA2, as evidenced by more than 50%
losses of total phospholipid mass. (B) CaI did
not independently alter the PS/PC ratio (sug-
gesting that the phospholipid losses affected
both inner and outer leaflet phospholipid con-
stituents). CaI treatment did not appear to
induce membrane “flip flop” because in CaI-
loaded tubules, Naja increased rather than de-
creased the PS/PC ratio.
Fig. 7. Free fatty acid concentrations (nmol/
mmol total phospholipid phosphate) in con-
trol, hypoxic, Ca ionophore (CaI), and iron
(Fe)-challenged PTS. As shown in (A), hyp-
oxia caused approximate eightfold FFA incre-
ments. CaI approximately doubled FFA levels
(**P , 0.04; *P , 131024), whereas Fe in-
duced only an approximate 25% increase (P 5
NS). (B) Depiction of the mean phospholipid
losses with each of these challenges observed
over the course of this investigation. If one
contrasts these losses versus the FFA incre-
ments, a striking inverse correlation is ap-
parent.
Fig. 8. Effect of arachidonic acid on Naja
PLA2-mediated phosphatidylcholine (PC) hy-
drolysis. PLA2 caused an approximate 60%
reduction in PC and striking LPC increments.
When this PLA2/PC reaction was run in the
presence of 50 or 100 mm arachidonic acid
(C20:4), dose-dependent inhibition resulted
(PC preservation/LPC decrements; P , 0.03,
P , 0.01, respectively).
to induce cytosolic PLA2 translocation to the inner hypoxic injury can occur without any discernible reduc-
tions in plasma membrane PL mass.plasma membrane [4, 33], one would expect preferential
degradation of inner leaflet (for example, PS) versus Despite this, it is notable that a uniform feature of
hypoxic injury is FFA generation [5–7]. Indeed, in theseouter leaflet (PC) PLs. Thus, the finding of essentially
identical PS/PC ratios following hypoxic and control in- studies, we documented eightfold FFA increments after
the 30-minute hypoxic challenge. This seemingly arguescubations again supports the conclusion that massive
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Table 6. Percent phospholipids, phospholipid ratios, and total phospholipids (PL) following
glycerol- and ischemic-reperfusion induced in vivo injury
Group % SM % PC % PI % PS % PE PS/PC PE/PC Total PL
Control 10.860.1 44.9 60.2 7.1 60.05 7.2 60.05 30.260.2 0.16 60.02 0.67 60.01 165 610
3 hr glyc. 11.5 60.2a 42.760.4a 7.460.2 7.5 60.2 30.960.3a 0.1860.04c 0.7360.00a 120610b
6 hr glyc. 11.4 60.2c 42.560.2a 7.160.2 7.8 60.2c 31.260.3a 0.1960.05a 0.6360.00a 125610b
Control 12.260.1 44.3 60.5 6.7 60.5 7.4 60.2 29.660.6 0.17 60.01 0.60 60.05 150 610
I/R 10.960.4c 44.660.4 7.4 60.4c 7.460.1 29.860.4 0.17 60.00 0.60 60.05 165 615
Individual phospholipids in control cortical tissues, in cortical tissues obtained either 3 or 6 hrs following induction of myohemoglobinuria (glycerol injection), or
in cortical tissues following 45 minutes of renal ischemia 1 60 min of vascular reperfusion. Values are presented as a % of total plasma membrane phospholipid
(PC 1 PS 1 PI 1 PE 1 SM). Total phospholipid (the sum of the above individual phospholipids) are presented as nmoles/mg tissue dry weight. PS/PC and PE/PC
represent the ratios of these inner (PS, PE) vs outer leaflet (PC) phospholipids. I/R 5 45 ischemia/60 min reperfusion.
a P , 0.01, b P , 0.025, c P , 0.05, compared to the control values
against these findings of preserved PL mass. However, Rather, it undoubtedly reflects a balance between FFA
we believe that this “discrepancy” only reflects a question liberation and metabolism. Thus, in the case of hypoxia,
of degree. If one assumes that hypoxia completely stops even trivial PL/triglyceride breakdown can produce dra-
mitochondrial FFA metabolism, the hypoxic FFA incre- matic FFA increments because of concomitant blockade
ments presumably reflect total FFA generation. Using of mitochondrial FFA metabolism. Conversely, during
this approach, the molar ratio of FFA increments to the nonhypoxic injury, ongoing mitochondrial function ap-
amount of total PL present suggests, at most, 3 to 4% PL pears sufficient to oxidize liberated FFAs, thereby pre-
hydrolysis in the face of massive cell death (60% LDH venting striking FFA accumulation despite ongoing PL
release). Indeed, because triglyceride and not just PL hydrolysis.
breakdown may occur during hypoxic injury [7], even this The question remains as to why hypoxia (which clearly
value probably represents an overestimate. In summary activates PLA2) causes no discernible PL depletion,
then, these findings strongly suggest that previous find- whereas far lesser degrees of nonhypoxic injury produce
ings of PL losses following in vivo renal ischemic-reperfu- this result. We hypothesize that this difference may, in
sion injury likely reflect delayed, postnecrotic events. fact, stem from the above stated differences in FFA
Although these results suggest, at most, minute amounts metabolism. If FFAs are generated, but their metabolism
of plasma membrane PL breakdown during hypoxic in- is blocked (for example, during hypoxia), striking FFA
jury, we cannot exclude the possibility that even these accumulation results. Because FFAs can inhibit PLA2could have had pathophysiological relevance to the evo- (Fig. 8), a negative feedback mechanism, or a biological
lution of necrotic cell death. For example, even 1% PL “break,” is created, minimizing ongoing PL degradation.
depletion could theoretically be sufficient to create small Conversely, during nonhypoxic injury, ongoing mito-
membrane breaks or “pores,” allowing for macromole-
chondrial FFA metabolism mitigates, or prevents, FFA
cule leakage, and hence, a loss of functional membrane
accumulation. No feedback inhibition occurs, and ongo-integrity. However, it is also possible that functional
ing PL depletion can result. Clearly, this remains only aplasma membrane disruption might result independent
working hypothesis at this time. However, that theseof any PL loss. Of note in this regard is that low-dose
experiments demonstrated a striking inverse relationshipNaja PLA2 treatment triggered 33% PL loss during hyp-
(r 5 20.91) between total PL loss and FFA accumulationoxia, yet decreased cell death resulted. This result further
and that arachidonic acid strikingly inhibited in vitrosuggests that lethal cell injury can be dissociated from
PLA2 activity provides strong indirect support for thislosses in tubule PL mass.
concept.In contrast to hypoxic injury, statistically significant
An additional issue addressed in this study is whetherreductions in plasma membrane PLs were observed dur-
acute hypoxic and toxic cell injury gives rise to a loss ofing nonhypoxic forms of tubular damage (oxidant injury,
plasma membrane asymmetry, or “flip flop.” BecauseCa21 ionophore addition). It is noteworthy that these PL
membrane transporter functions are critically dependentdecrements occurred despite a relatively modest LDH
on the maintenance of their normal PL microenviron-release (26 to 27% vs. 60% with hypoxia), which indi-
ments, it is likely that were plasma membrane PL redis-cates that the iron and Ca21 ionophore-mediated PL
tribution to occur, it could contribute to cellular dysfunc-reductions were not simply nonspecific consequences of
tion or even death. It is noteworthy that ATP depletion,tubule cell death. It is also notable that the iron and
cytosolic Ca21 overload, and oxidative injury either di-Ca21 ionophore-induced PL losses were associated with
rectly or indirectly inhibit anionic PL translocase func-extremely modest, if any, FFA increments. These find-
tion [13]. Because PS and PE normally diffuse downings underscore that FFA accumulation during tissue
injury is not an accurate marker of PL breakdown. their inner to outer leaflet concentration gradients, the
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maintenance of this normal gradient is dependent on PLA2 might also exert pathogenic effects. In this regard,
it is noteworthy that exogenous PLA2 can mitigate hyp-outer leaflet translocase integrity and the ATP to drive
it. Thus, one would anticipate that acute cell injury, in oxic injury, whereas it uniformly potentiates iron and
Ca21 ionophore-mediated cell death (Tables 4 and 5) [11,general, and hypoxic injury, in particular, would produce
membrane “flip flop.” However, using Naja PLA2 as a 24, 25]. For example, in the case of the Ca21 ionophore
challenge, the presence of PLA2 increased LDH releaseprobe, no evidence for “flip flop” could be obtained
during hypoxic, Ca21 ionophore, or oxidant-mediated from 28 6 4% to 78 6 1%. The reasons for these diver-
gent responses to exogenous PLA2 remain unknown [25].cell death. The most likely explanation for this negative
result is that despite the fact that the correct conditions However, they underscore that with the onset of tubule
necrosis, the leakage of intracellular PLA2s into the mi-undoubtedly existed for translocase inhibition, cell injury
was so rapidly expressed that insufficient time existed croenvironment could potentially impact the evolution
of cell injury in, as yet, sublethally damaged tubularfor passive PS diffusion to the outer leaflet. Alterna-
tively, cell injury may have altered the physical character- epithelium. Also, given these observations that damaged
tubules have heightened susceptibility to extracellularistics of the plasma membrane in such a way (for exam-
ple, a decrease in its fluidity) that retarded diffusion PLA2-mediated PL hydrolysis, PLA2 release into the in-
terstitial microenvironment might contribute to delayedresulted. Whatever the precise explanation, one point
seems clear: membrane “flip flop,” as classically defined (postnecrotic) PL hydrolysis (for example, during pro-
longed ischemic/reperfusion periods).by differential PL responses to extracellular PLA2, does
not appear to be an acute correlate of either hypoxic or Because all of the above findings stemmed exclusively
from isolated tubule experiments, we sought their poten-toxic tubular cell death.
A theoretical caveat to using Naja PLA2 as a probe tial in vivo relevance by assessing PL changes during
ischemia/reperfusion- and iron-driven (myohemoglobin-for plasma membrane “flip flop” is that it requires an
outer leaflet location. Because cell injury can result in uric) models of ARF. It is noteworthy that the results
obtained strongly support the isolated tubule data. First,plasma membrane permeation (for example, as denoted
by LDH efflux), it is theoretically possible that Naja both total cortical PL mass and PS/PC and PE/PC ratios
were completely preserved following ischemia/reperfu-PLA2 could diffuse intracellularly, complicating “flip
flop” assessments. However, the following points argue sion injury, totally analogous with the isolated tubule
data. Second, myohemoglobinuric injury induced ap-strongly against this potential problem in these experi-
ments. First, PLA2 has lipid-binding domains, and hence, proximately 24% cortical PL reductions, again highly
analogous to the results obtained with the Fe-challengedready PLA2 diffusion across plasma membranes should
not be assumed. Second, had Naja PLA2 gained an intra- isolated tubules, and third, although all plasma mem-
brane PL classes decreased with the myohemoglobinuriccellular location during the hypoxia, Fe, and Ca21 iono-
phore experiments, the PS/PC ratios should have fallen, challenge, the greatest reduction was in PC. This is con-
sistent with PLA2 leakage into the interstitial compart-particularly given the greater PS versus PC vulnerability
to PLA2 attack. However, in every instance, Naja PLA2 ment and, hence, direct PC access. That iron-damaged
isolated tubules were found to have heightened suscepti-raised, rather than lowered, PS/PC ratios, particularly in
those experiments with the greatest LDH efflux. This bility to extracellular PLA2 may also help explain this
preferential PC depletion state.implies an absence of PLA2 cytoplasmic diffusion. Third,
had Naja PLA2 gained intracellular access, marked mito- In conclusion, the results of this study provide the
following new insights: (a) Severe hypoxic (or ischemic)chondrial CL hydrolysis should have resulted. However,
in no instance did Naja PLA2 lower CL levels, even in tubule injury can be expressed despite essentially com-
plete preservation of total plasma membrane PL mass.cases of more than 70% LDH release (for example, Fig. 6
experiments), and fourth, in pilot studies (data not shown), (b) When PL depletion is induced in hypoxic tubules
by exogenous low dose PLA2 exposure, cytoprotection,we have demonstrated that Naja PLA2 induces essen-
tially identical PS/PC ratio increments in hypoxic tubules rather than increased cell death, can result. Together,
these findings suggest that plasma membrane PL deple-in the absence or presence of 2 mm glycine (which pre-
vents hypoxic membrane disruption) [27]. This strongly tion is not an essential mediator of hypoxic/ischemic cell
death. (c) In contrast to hypoxia/ischemia, PL losses aresuggests that Naja PLA2 does not gain ready intracellular
access in even the presence of marked hypoxia-mediated early correlates, and potential mediators, of toxic (Fe,
Ca21) tubular cell damage. This is supported by observa-membrane permeability/cell death. Therefore, each of
these considerations support the validity of these “flip tions of approximately 15 to 25% renal cortical/tubule
PL declines in acute response to in vivo/in vitro oxidantflop” assessments.
Finally, although intracellular PLA2s has received challenges. (d) FFA levels during acute cell injury may
be a critical determinant of ongoing PL loss. If they accu-great attention as mediators of acute tubular injury, it
seems appropriate to consider whether extracellular mulate (for example, during hypoxia/ischemia), “feedback
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12. Portilla D, Creer MH: Plasmalogen phospholipid hydrolysis dur-inhibition” of PLA2 may result, potentially preserving PL ing hypoxic injury of rabbit proximal tubules. Kidney Int 47:1087–
mass. Conversely, if FFAs undergo continued mitochon- 1094, 1995
drial metabolism (for example, during oxidative tubule 13. Zachowski A: Phospholipids in animal eukaryotic membranes:
Transverse asymmetry and movement. (review) Biochem J 294:injury), “feedback inhibition” would not occur, theoreti-
1–14, 1993cally permitting ongoing PL hydrolysis. Thus, mitochon- 14. Devaux PF: Lipid transmembrane asymmetry and flip-flop in bio-
drial function, and not simply PLA2 activity, could be a logical membrane and in lipid bilayers. Curr Opin Struct Biol
3:489–494, 1993critical determinant of PL homeostasis during acute cell
15. Schroit AJ, Zwaal RFA: Translayer movement of phospholipidsinjury, and (e) plasma membrane “flip flop” does not in red cell and platelet membranes. Biochim Biophys Acta 1071:313–
appear to be an acute correlate of either hypoxic or toxic 329, 1991
16. Martin OC, Pagano RE: Translayer movement of fluorescenttubular cell attack. Hence, focal membrane breaks (or
analogs of phosphatidylserine and phosphatidylethanolamine at“pore” formation), rather than massive transverse mem- the plasma membrane of cultured cells: Evidence for a protein-
brane reorientation, appear to be a more likely explana- mediated and ATP-dependent process. J Biol Chem 262:5890–
5898, 1987tion for loss of plasma membrane barrier function in the
17. Lochhead KM, Kharasch E, Zager RA: Spectrum and subcellularsetting of acute necrotic tubular cell death.
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